.@’* ChemPubSoc
ey Europe

DOI: 10.1002/cssc.201902880

' CHEM:'/SCHEM
& Communications

Efficient Plastic Waste Recycling to Value-Added Products
by Integrated Biomass Processing

Kassem Beydoun and Jiirgen Klankermayer*®

The industrial production of polymeric materials is continuous-
ly increasing, but sustainable concepts directing towards a cir-
cular economy remain rather elusive. The present investigation
focuses on the recycling of polyoxymethylene polymers, facili-
tated through combined catalytic processing of polymer waste
and biomass-derived diols. The integrated concept enables the
production of value-added cyclic acetals, which can flexibly
function as solvents, fuel additives, pharmaceutical intermedi-
ates, and even monomeric materials for polymerization reac-
tions. Based on this approach, an open-loop recycling of these
waste materials can be envisaged in which the carbon content
of the polymer waste is efficiently utilized as a C1 building
block, paving the way to unprecedented possibilities within a
circular economy of polyoxymethylene polymers.

Most plastics are made of synthetic polymers that are pro-
duced by the repetitive linkage of versatile small monomers.
The continuous optimization of manufacture processes and tai-
loring of material properties has paved the way to mass pro-
duction of a broad diversity of plastics. Thus, highly versatile
consumer products with low weight, high strength, and ex-
treme durability are broadly available at low costs. Conse-
quently, plastics have become crucial in a variety of strategic
industrial sectors and represent essential materials for con-
struction, transportation, and packaging. The production of
plastic materials is steadily growing and since 1950 around
8300 million tons of this materials have been synthesized."’ As
a result, worldwide generation of plastic waste has dramatically
increased and is currently around 150 million tons per year.
However, 79% of this plastic waste ends up in landfills, result-
ing in up to 2.41 million tons of robust waste entering our en-
vironment every year.” Consequently, the reuse or substitution
of the plastic materials is currently strongly fostered, as effi-
cient and sustainable recycling strategies remain rather elu-
sive.”) Moreover, available recycling concepts are not cost com-
petitive and produce polymer materials of lower quality, ham-
pering the development of a circular economy. Therefore, the
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development of effective recycling processes within a circular
economy approach is of utmost importance, ideally producing
not only monomers for new plastics, but value-added products
or intermediates for other supply chains.”? Herein, a sustain-
able concept is introduced, enabling efficient plastic recycling
through combined catalytic processing with biomass-derived
chemicals, yielding high-value platform chemicals.

The present investigation focuses on the recycling of poly-
oxymethylene polymers (POM, also known as polyacetal), a
thermoplastic material produced by the homo- or copolymeri-
zation of formaldehyde in a production capacity of around
1.7 Mtons per year.”) POM plastics have been known for more
than 40 years and are used in precision parts requiring high
stiffness, low friction, and excellent dimensional stability in au-
tomotive interiors.”” Currently, POM can be repurposed via in-
jection molding processes, which are limited by material deg-
radation and release of formaldehyde. Chemical recycling has
not been intensively investigated and few approaches focusing
on the transformation of POM into formaldehyde or trioxane
have been reported.” In this study, we have demonstrated ef-
fective recycling of POM plastic materials, which is facilitated
by the combined catalytic processing of polymer waste and
biomass-derived diols. In detail, POM reacts with either bio-
mass-derived® or recycled“? glycols to produce chemical prod-
ucts such as 1,3-dioxolane, 1,3-dioxane, or 1,3-dioxepane
(Scheme 1). These useful cyclic acetal products can serve as
solvents, fuel additives, pharmaceutical intermediates, and
even monomeric materials for polymerization reactions.”
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(Petrochemicals) = ( )
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Scheme 1. Efficient approach for the upcycling of polyoxymethylene plastics
in combination with biomass-derived diols to versatile cyclic acetal products.

The investigation was initiated with a catalytic reaction of
granules of commercial POM homopolymer together with 1,3-
propanediol. The biomass-derived substrate, 1,3-propanediol,
can be industrially obtained via fermentation processes using
the renewable resources corn syrup or glycerol."” For the first
reactions, 1,4-dioxane was chosen as solvent and a variety of
Bronsted acid catalysts were screened, promoting the depoly-
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merization of POM to the formaldehyde monomer and foster-
ing the subsequent condensation to the cyclic acetal (Table 1).
In the absence of any acid, the envisaged formation of 1,3-di-
oxane product was not observed and the starting polymer re-
mained undissolved in the reaction mixture (Table 1, entry 1).
Gratifyingly, with hydrochloric acid as catalyst the POM poly-
mer started to dissolve and 1,3-dioxane product was formed in
31% yield after 2 h (Table 1, entry 2), corroborating the viability
of the envisaged cascade transformation.

Table 1. Acid-catalyzed transformation of POM with 1,3-propanediol to-
wards the synthesis of 1,3-dioxane.”
Ho

'ﬂ Acid catalyst (mol %) O’C\o

C-O + HO”>""OH “H,0

H x 1,4-dioxane

POM 1,3-propanediol t, 80 °C 1,3-dioxane
Entry Catalyst  x [mol %] Diol/POM [equiv] ~ t[h]  Yield [%]
1 no acid - 3 2 0
2 HCI 12 3 2 31
3 p-TsOH 5 3 2 1
4 HNTTf, 5 3 2 20
5 TfOH 5 3 2 44
6 TfOH 5 3 8 99
7 Sc(OTf); 5 3 2 6
8 Al(OTf); 5 3 2 10
9 Bi(OTH), 5 3 2 41
10 Bi(OTH), 5 3 8 99
n Bi(OTf); 5 1.2 2 96
120! Bi(OTf); 5 1.2 2 99
[a] POM (51-54 mg, 1.7-1.8 mmol), 1,3-propanediol (1.2-3 equiv), acid
catalyst (x mol%), 1,4-dioxane (2 mL), 80°C, 2-8 h. [b] 2.5 mL of 1,4-diox-
ane. Yields were determined by 'H NMR spectroscopy using mesitylene
as an internal standard.

When p-toluenesulfonic acid (p-TsOH) was tested as catalyst,
only trace amount of the 1,3-dioxane product could be detect-
ed, whereas the stronger acid trifluoromethanesulfonimide
(HNTf,) afforded the cyclic acetal in 20% yield (Table 1, en-
tries 3 and 4). However, with triflic acid (TfOH), 1,3-dioxane was
obtained in 44 % yield after 2 h and 99 % yield after 8 h of reac-
tion time (Table 1, entries 5 and 6). From these initial results,
the effectiveness of Brgnsted acids for the catalytic depolyme-
rization of the POM polymer and subsequent condensation
with 1,3-propanediol could be demonstrated. In the next de-
velopment step, metal triflates with bifunctional Brgnsted and
Lewis behavior were investigated as catalysts." After screen-
ing several Lewis acids (Table 1, entries 7 and 8; see also the
Supporting Information), Bi(OTf); catalyst demonstrated superi-
or activity and afforded the 1,3-dioxane product in 41% yield
after 2 h, and 99% vyield after 8 h (Table 1, entries 9 and 10).
The comparable reactivity observed with Bi(OTf); and TfOH
could be attributed to partially hidden Brgnsted acid proper-
ties of the Lewis acid upon partial alcoholysis (by 1,3-propan-
diol) or hydrolysis (by water byproduct). Thus, the dissociation
of Bi(OTf); Lewis acid unlocks the hidden Brensted acidity,
while maintaining the Lewis acidic behavior. Moreover, the
Lewis acidity of Bi(OTf); can additionally promote activation of
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the hydroxy groups of the diol substrate. In this manner, the
formation of a Bi-metallacycle intermediate has been previous-
ly reported to facilitate the condensation of glycols."” Interest-
ingly, when only 1.2 equivalents of 1,3-propandiol were used,
the product could be obtained in up to 96% yield in only 2 h
(Table 1, entry 11). With additional 1,4-dioxane, the solvation of
the polymeric substrate could be facilitated, resulting in 99%
yield of the 1,3-dioxane product (Table 1, entry 12).

We then focused on optimization of the solvation-depoly-
merization process by studying the influence of temperature
on the possible increase of the reactivity in presence of 1,3-
propanediol (Table 2). As expected, the dissolving/depolymeri-
zation of the starting POM polymer slowed down at lower

Table 2. Bi(OTf);-catalyzed depolymerization—condensation of POM with
1,3-propanediol for the synthesis of 1,3-dioxane under different reaction
conditions.”!
Ho

i BiOTs (Mol %) o 0

C-O+ + HO™ ""oH “H,0

Aok 1,3-propanediol 1,4-dioxane

POM 1.2 equiv. t, 7°C 1,3-dioxane
Entry x [mol % T[°C t Yield [%]
1 5 60 2h 5
2 5 70 2h 26
3 5 80 2h 96
4 5 80 20 min 12
5 5 100 20 min 97
6 1 100 40 min 99
7% 1 100 90 min 95
[a] POM (51-54 mg, 1.7-1.8 mmol), 1,3-propanediol (1.2 equiv), Bi(OTf);
(x mol %), 1,4-dioxane (2 mL). [b] POM (210 mg, 7 mmol) was used. Yields
were determined by 'H NMR spectroscopy using mesitylene as an internal
standard.

temperatures of 60 and 70 °C, affording the desired product in
5 and 26 % yield compared to 96% yield at 80°C (Table 2, en-
tries 1-3). On increasing the reaction temperature to 100°C,
the POM polymer granules were completely dissolved in the
solution after only 20 min and the 1,3-dioxane product was ob-
tained in 97% yield, compared to only 12% yield at 80°C
(Table 2, entries 4 and 5). This higher reactivity at 100°C tem-
perature led to the study of the effect of lower catalyst load-
ings. When the reaction time was extended to 40 min, the
starting material was completely converted and the desired
product was obtained in 99% vyield at low catalyst loading of
1 mol% (Table 2, entry 6). Interestingly, when the amount of
starting substrate was increased fourfold, we obtained the 1,3-
dioxane product in 95% yield at a low catalyst loading of
1 mol% and in just 90 min of reaction time (Table 2, entry 7).

In the subsequent investigation, 'H NMR experiments should
provide information on the rates of depolymerization and con-
densation within the cascade transformation. Thus, we carried
out a study on the time profile of the selective synthesis of
1,3-dioxane from POM polymer/1,3-propanediol mixtures by
using Bi(OTf); as catalyst (Figure 1; see also the Supporting In-
formation). The reaction revealed a constant rate of formation

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. 'H-NMR spectra of the reaction of POM with 1,3-propanediol to afford 1,3-dioxane at different time intervals (see the Supporting Information for de-

tails).

of 1,3-dioxane in the first 100 min, indicating immediate 1,3-di-
oxane formation after POM depolymerization. However, after
100 min the reaction slows down until the remaining POM
substrate is fully converted, finally reaching 99% yield. This in-
dicates that the reactivity of the reaction is largely dominated
by the rate of solvation-depolymerization of the POM polymer
granules.

Based on optimized conditions with 1,3-propanediol, we
next evaluated the scope of this reaction with structural varia-
tions on the biomass-derived diols.®™™ In the first set of experi-
ments 1,2-butanediol, 1,2-pentanediol, and 1,2-hexanediol
were used as substrates together with POM polymer. The cor-
responding cyclic acetal products were obtained in excellent
yield of 93-98% (Table 3, entries 1-3). Furthermore, when steri-
cally constrained 2,3-butanediol and 2,4-pentanediol were
used, lower yields of 65% and 57 % were achieved (Table 3, en-
tries 4 and 5). Interestingly, the use of 1,3-butanediol as sub-
strate resulted in the formation of 4-methyl-1,3-dioxane acetal
in an excellent yield of 98% (Table 3, entry 6). Subsequently,
we attempted the challenging synthesis of seven-membered
cyclic acetals starting from biomass-derived 1,4-diols. When
1,4-butanediol and 1,4-pentanediol were employed as sub-
strates, the corresponding seven-membered cyclic acetal prod-
ucts (1,3-dioxepanes) were formed in 26% and 59% yield
(Table 3, entries 7 and 8) in addition to the formation of a set
of different linear glycolic acetals as by-products (see Support-
ing Information). The higher reactivity of 1,4-pentanediol in
comparison to 1,4-butanediol can be attributed to the pres-
ence of a secondary alcohol functionality, improving the cycli-
zation-acetalization step towards a more stable seven-mem-
bered-ring acetal product.

Grounded on the principles of green chemistry and previous
investigations from our group on polymer recycling, a reaction
without solvent use was targeted."? Thus, a transformation
only with the application of the starting materials 1,3-propane-
diol and POM polymer was performed. In the initial phase of
the reaction the absence of adapted solvent reduces the solva-
tion and subsequent depolymerization rates of POM. However,
the accumulation of the produced 1,3-dioxane product in the
reaction mixture continuously enhances the POM solvation
step in a self-breeding (autosolvation) manner. More specifical-
ly, starting with neat conditions, the reaction resulted in the
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Table 3. Bi(OTf);-catalyzed synthesis of cyclic acetals using variable diols
and POM polymer as substrates.”
Ho
i OH OH Bi(OTf;3 (1 mol %) 0“0
gor 0
' - Ha :
. X R h R 1,4-dioxane (2 mL) R » R
POM 3 h, 100 °C
Entry Diol substrate Cyclic acetal product Yield [%]
H
1 g o-C, 93
OH \)\/O
Hp
OH /\)\/O
Hp
on \/\)\/O
oH 0O
4 )\rOH /\{O 65
Hy
OH OH JCL
OH OH w2
_C.
6 )0\)0 98
O‘C‘Hz
7 HO\/\/\OH (JO 26
O-cH
HO R
3 YV\OH Lo 59
[a] POM (210 mg, 7 mmol), diol (1.2 equiv), Bi(OTf); (46 mg, 1 mol %), 1,4-
dioxane (2 mL), 100°C, 3 h. Yields and selectivity were determined by
"H NMR spectroscopy using mesitylene as an internal standard.

formation of 1,3-dioxane with an overall yield of 86% with
only 0.2 mol% of acid catalyst (Scheme 2). More interestingly,
when the self-breeding approach is supported with an initial
addition of 1,3-dioxane product (0.5 mL), the solvation-depoly-
merization of POM was enhanced and the yield of the pro-
duced 1,3-dioxane increased to 93% (Scheme 2). This impor-
tant finding strongly facilitates the development of an adapted
process concept, as final purification only requires the distilla-
tive separation of water and the cyclic acetal product.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of 1,3-dioxane in a solvent-free approach using very
low catalyst loadings.

In addition to the biomass-derived diols, a set of these diols
can also be derived from the recycling of polymeric plastic
waste.*“® Two specific examples of the latter case are repre-
sented by ethylene glycol and propylene glycol, which can be
obtained from waste polyethylene terephthalate (PET) and pol-
ylactic acid (PLA).*? Moreover, the expected cyclic acetal prod-
ucts of these glycol substrates have already been introduced
(mainly 1,3-dioxolane) as commercial solvents for polar poly-
mers, in paint stripping formulations, and as a general clean-
up solvent for epoxy and urethane systems, as well as for the
synthesis of selected pharmaceutical intermediates."* Remark-
ably, when ethylene glycol and propylene glycol were em-
ployed in the reaction with POM substrate, the corresponding
cyclic acetal products, 1,3-dioxolane and 4-methyl-1,3-dioxo-
lane, were obtained in 66% and 93% vyield, respectively
(Scheme 3), clearly validating the versatility and substrate flexi-
bility of the developed concept.

In the last decade, market demand for POM polymer has
doubled, leading to an increase of the production capacity to
1.7 million tons per annum in 2015. POM polymers are widely
used in the production of a variety of commercial plastic prod-
ucts, including consumer goods such as toys, zippers, clips,
cosmetic containers, and pens, which are typical items found
in contaminated shore and sea areas. Moreover, POM has also
been used for complicated engineering applications, mainly in
the automotive industry for production of around 3000 differ-
ent components used for external & internal auto parts. Conse-
quently, in a final set of experiments, our approach of utilizing
POM polymer as an alternative C1 source for the synthesis of
cyclic acetals was applied on some commercial consumer
products, such as small gears, baggage clips, and disposable
lighters, as well as old laboratory joint clips (Figure 2). These
commercial POM plastic wastes were shredded to small frag-
ments (<3 mm in size) and treated under the developed con-

87 % 1 90 % 88 %

HO/\/\OH
Bl(OT
(0 2 mol %
92% || 88% 92 %
R 14 dloxane !
&l 100 °C 1,3-dioxane !I

u._ﬂ

Figure 2. Upcycling of POM plastic wastes as a C1 building block in the
Bi(OTf);-catalyzed synthesis of 1,3-dioxane by using 1,3-propanediol.

ditions with 1,3-propanediol. Astonishingly, the waste material
selectively forms the envisaged 1,3-dioxane products in very
good yield (Figure 2 and Table S10 in the Supporting Informa-
tion). Interestingly, the POM polymer content of these plastics
was fully converted, whereas the dyes and additives could be
precipitated and removed by filtration. More specifically, 1,3-di-
oxane was formed in 87, 90, 88, 92, and 88% yield, starting
from baggage clips, joint clips, disposable lighters, and plastic
gears, respectively, using only 0.2 mol % of Bi(OTf); catalyst.

Finally, a scale-up of the reaction starting from approximate-
ly 6 g of a mixture of commercial POM waste under neat con-
ditions was performed. After product distillation, 91 % yield of
pure 1,3-dioxane product could be isolated. The detailed steps
of the straightforward recycling concept on a larger scale are
shown in Figure 3, clearly corroborating the potential of the
facile approach. Moreover, the performance of the reaction
under neat conditions and the ease of separation of the prod-
uct disclose the future potential of this method.

The efficiency of this recycling approach of POM plastic
waste can be evaluated by the converted carbon content of
the used plastic waste. Interestingly, the complete carbon con-
tent of the POM homopolymer is efficiently converted into the
acetal unit of the cyclic product driven by the excellent yields
obtained for these products. Moreover, the addressed recycling
method of POM is associated with a very low E-factor,"" where
water is produced as the only byproduct of the acetalization
reaction.

In the present work, the development of a sustainable con-
cept for effective polymer recycling was targeted, focusing on
the transformation of polyoxymethylene waste materials. The

basic concept was grounded on a combined catalytic
processing of polymer waste material and biomass

(Biomass} [Plastics]

2
1,4-dioxane (2 mL)
POM 3h,100°C

H
H OH Bi(OTf); (1 mol %) £
| 3 —C.
ek — = O™
~h 0 + L_on o Lr
5 E& 1,4-dioxane (2 mL)
POM a 3h,100°C

Hy

-C
2 . ) | - 10 Bi(OTf); (1 mol %) )O\/‘o
ad A _on “H,0 93 %

4-methyl-1,3-dioxolane

derived diols. The respective integrated concept ena-
bled a selective cascade reaction, encompassing ef-

66 % fective depolymerization and condensation, leading
1,3-dioxolane

to cyclic acetals. The robustness of this approach al-
lowed the flexible formation of various cyclic prod-
ucts in high yield by facile modification of biomass-
derived diol. Based on this approach, an efficient
open-loop recycling of these waste materials can be

Scheme 3. Synthesis of 1,3-dioxolane or 4-methyl-1,3-dioxolane starting from POM poly-

mer in the presence of ethylene or propylene glycol.
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envisaged, paving the way to unprecedented possi-
bilities within a circular economy of polyoxymethy-
lene plastic polymers.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemsuschem.org

PubSoc

®«Chem
' Europe

Sl

CHEM: " SCHEM
Communications

i
¢-0 o
b L+ HON"oH BiOTs02mol%) oo
-H;0 N
POM polymer from a 6.1 grams No Solvent )
mixture of plastic wastes 18h, 100 °C 1,3-dioxane

852; ¢) S. Westhues, J. Idel, J. Klankermayer, Sci. Adv. 2018,
4, eaat9669; d) Z. Sun, K. Barta, Chem. Commun. 2018, 54,
7725; e) N. A. Rorrer, S. Nicholson, A. Carpenter, M. J. Biddy,
N. J. Grundl, G. T. Beckham, Joule 2019, 3, 1006.

D. L. Jarvis in Brydson’s Plastics Materials, 8th ed. (Ed.: M. Gil-
bert), Butterworth-Heinemann, Oxford, 2017, p. 513.

[6] J.D. Virosco, Polyoxymethylene—ChemSystems PERP Pro-
gram, 2011.
[71 M. Haubs, J. Lingnau, K. Kurz (Ticona GmbH, Sulzbach, Ger-

many), US9365537, 2016.

a) C-H. Zhou, J. N. Beltramini, Y.-X. Fan, G. Q. Lu, Chem. Soc.
Rev. 2008, 37, 527; b) F. M. A. Geilen, B. Engendahl, A. Har-
wardt, W. Marquardt, J. Klankermayer, W. Leitner, Angew.
Chem. 2010, 122, 5642; c) Q. Liu, Y. Liao, N. Shi, T. Wang, L.

Figure 3. Reaction of commercial POM polymer from a mixture of plastic wastes and 1,3-

propanediol followed by the distillation of 1,3-dioxane product.

Experimental Section

General procedure for the synthesis of 1,3-dioxane from
homo-POM plastic polymer and 1,3-propanediol

All experiments were conducted in 5mL sealable heavy-walled
glass vials equipped with a magnetic stir bar. After weighing
Bi(OTf); (0.058 g, 0.088 mmol), homo-POM (51-54 mg, 1.7-
1.8 mmol; calculated based on the formaldehyde H,CO repetition
unit), and diol (0.156 g, 2.05 mmol) in the vial, 1,4-dioxane (2 mL)
was added and the vial was sealed with a 20 mm aluminum seal
equipped with septa. The reaction mixture was stirred and heated
to 100°C by using a customized aluminum heating block. After
2 h, the vial was cooled to room temperature and NMR samples
were prepared by using [Dg]DMSO solvent and mesitylene as inter-
nal standard.
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